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-- ELECTRIC PROPULSION FOR SATELLITES*(~ 

by'william R. Mickelsen** 

Colorado State University- 
Fort Collins, Colorado . 

SUMMARY 

Electric propulsion is achieving a competitive status for 
a number of satellite missions. Beyond the present status there 
are a number of advanced concepts that have promise of higher 
performance, and consequently a broader applicability to space 
propulsion. Most of these concepts have features which avoid 
or diminish fundamental limitations of existing thrusters, and 
in addition have important advantages in compatibility with 
the overall spacecraft system. 

Auxiliary propulsion systems for attitude and position 
control of satellites and spacecraft must meet exacting 
requirements for thrust magnitude and direction, and must be 
compatible with the power supply. Advanced concepts with 
promise of high performance in meeting these requirements 
include electron-bombardment, radioisotope-heated contact-ion, 
plasma-separator, plasma, and colloid thrusters. 
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INTRODUCTION 

Elec t r ic  p ropu l s ion  h a s  r ece ived  a c o n s i d e r a b l e  r e s e a r c h  
and development e f f o r t  i n  t h e  p a s t  1 0  y e a r s ,  This  r e s e a r c h  
and development e f f o r t  has  produced electric p ropu l s ion  systems 
t h a t  are now ready f o r  use  i n  space  miss ions  (l-5)m Beyond t h e  
p r e s e n t  s t a t u s  t h e r e  are a number of advanced concepts  i n  
e lectr ic  p ropu l s ion  t h a t  have promise o f  h i g h e r  performance(6)  
and consequent ly  a b roade r  a p p l i c a b i l i t y  t o  space  propuls ion .  
It i s  t h e  purpose of t h i s  paper  t o  b r i e f l y  review t h e s e  advanced 

s and t o  compare t h e i r  p o t e n t i a l  performance w i t h  t h e  
performance of  e x i s t i n g  f l i g h t - p r o t o t y p e  e lectr ic  p ropu l s ion  
systems. A more detailed review is g iven  e l sewhere (7 ) .  

o r  d iminish  fundamental l i m i t a t i o n s  of e x i s t i n g  t h r u s t e r s .  
For example, convent iona l  e lec t ros ta t ic  t h r u s t e r s  have a l o w  
t h r u s t  p e r  u n i t  area a t  l o w e r  va lues  o f  s p e c i f i c  impulse.  Th i s  
l i m i t a t i o n  on t h e  performance of convent iona l  e lectrostat ic  
t h r u s t e r s  i s  due t o  t h e  fundamental laws of space  charge f l o w .  
Two of t h e  advanced concepts  have f e a t u r e s  which d iminish  t h e  
fundamental l i m i t a t i o n  of  space  charge.  I n  one of t h e  advanced 
concepts ,  charged p a r t i c l e s  are used which are much more 
massive than  atomic i o n s  the reby  provid ing  much g r e a t e r  t h r u s t  
d e n s i t y .  The o t h e r  advanced concept  employs very  c l o s e l y  
spaced e l e c t r o d e s ,  t he reby  g r e a t l y  reducing t h e  space charge  
and al lowing o p e r a t i o n  a t  reasonably h igh  t h r u s t  d e n s i t i e s  
and low s p e c i f i c  impulse.  

Some o f  t h e  advanced concepts  have impor tan t  advantages 
i n  c o m p a t i b i l i t y  w i t h  t h e  o v e r a l l  s p a c e c r a f t  system. For 
example, t w o  of  t h e  advanced concepts  would be ope ra t ed  w i t h  
the  direct  o u t p u t  from solar-cell a r r a y s  i n  c o n t r a s t  t o  
e x i s t i n g  f l i g h t - p r o t o t y p e  i o n  t h r u s t e r s  which r e q u i r e  complex 
power cond i t ion ing  t o  change t h e  d i r e c t  c u r r e n t  so la r  ce l l  
power i n t o  high-vol tage d.c .  power. 

t y p e s  and concepts  it i s  d e s i r a b l e  t o  denote  t h e i r  s t a t e  of  
realism. Three g e n e r a l  c l a s s i f i c a t i o n s  are used i n  t h i s  
paper:  

1. "F l igh t -p ro to type"  r e f e r s  t o  e x t e n s i v e l y  t e s t e d  

M o s t  of t h e s e  advanced concepts  have f e a t u r e s  t h a t  avoid 

A s  a p a r t  of  t h e  comparison between t h e  va r ious  t h r u s t e r  

complete systems t h a t  are based on well-known 
technology throughout ,  and t h a t  are ready f o r  
s t a r t i n g  on a f l i g h t  program, 

2 .  "Experimental" r e f e r s  t o  e lectr ic  t h r u s t e r  systems 
t h a t  are f a i r l y  w e l l  t e s t e d  i n  l abora to ry -p ro to type  
form, wi th  a number of man y e a r s  o f  r e s e a r c h  and 
development, and i n  which a l l  of  t h e  basic p r i n c i p l e s  
have been-demonstrated.  

3 .  "Advanced concept' ' is an e lectr ic  p ropu l s ion  sys  t e m  
t h a t  i s  based on demonstrated p r i n c i p l e s ,  which has  
n o t  been ope ra t ed  as a l a b o r a t o r y  pro to type .  

, 
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C l a s s i f i c a t i o n  of t h e  v a r i o u s  t h r u s t e r  systems i n t o  t h e s e  
t h r e e  c a t a g o r i e s  i s  based on pub l i shed  in fo rma t ion ,  and on  
p a s t  expe r i ence  i n  t h e  f i e l d  of e lectr ic  p ropu l s ion ,  

POWER FOR ELECTRIC PROPULSION 
A t  t h e  p r e s e n t  t i m e  s o l a r - p h o t o v o l t a i c  cel ls  are t h e  

favored  source  of  power f o r  electric propuls ion .  N o  s e r ious  
d i f f i c u l t y  i s  a n t i c i p a t e d  i n  us ing  s o l a r  cells  t o  power 
s m a l l  e lectr ic  t h r u s t e r s  fo r  a u x i l i a r y  p r o p u l s i o n ( 2 ) .  The 
solar  i n t e n s i t y  i n  space  a t  E a r t h  d i s t a n c e  f r o m  t h e  sun is 
about  1 . 4  k i lowa t t / sq .  m e t e r .  S o l a r - c e l l  e f f i c i e n c i e s  are 
less t h a n  lo%, so a solar  a r r a y  w i l l  d e l i v e r  about  1 4 0  w a t t s  
o f  e lectr ic  power p e r  sq. m e t e r  of a r r a y  a r e a ,  Some o f  t h e  
m o s t  demanding t a s k s  f o r  a u x i l i a r y  p ropu l s ion  i s  t h e  nor th-  
sou th  s t a t i o n  keeping o f  synchronous sa te l l i t es .  An e lectr ic  
t h r u s t e r  ope ra t ed  cont inuous ly  a t  a l e v e l  o f  about  350 m i c r o -  
pounds could perform t h e  north-south s t a t i o n  keeping func t ion ,  
and such a t h r u s t e r  r e q u i r e s  about  1 0 0  w a t t s  of  electric 
power. For t h i s  a p p l i c a t i o n  of  a u x i l i a r y  e lectr ic  p ropu l s ion ,  
a solar a r r a y  of about  t h r e e  f e e t  by t h r e e  f e e t  would provide  
a l l  t h e  power needed. Such an a p p l i c a t i o n  of  solar  cells  
is c e r t a i n l y  w i t h i n  t h e  s t a t e  o f  t h e  a r t ,  

s p e c i f i c  weights  o f  about 150  lb/kwe(8) Th i s  va lue  of 
s p e c i f i c  weight  i s  used i n  t h i s  paper fo r  comparing system 
weights  of t h e  v a r i o u s  t y p e s  of  a u x i l i a r y  e lectr ic  propuls ion .  

Solar-cell a r r a y s  have several d isadvantages  i n  s o m e  
mission a p p l i c a t i o n s  (8)  . S o l a r - c e l l  a r r a y s  i n  t h e  1 0 0  w a t t  
range and above must be packaged du r ing  b o o s t ,  and unfolded 
a f t e r  boos t .  The a r r a y  must be sun-or ien ted ,  which i n t r o d u c e s  
cons ide rab le  mechanical complexity i n  m o s t  missions.  I n  
t h o s e  missions where a s u b s t a n t i a l  amount of  t i m e  i s  s p e n t  i n  
t h e  p l a n e t  shadow, b a t t e r i e s  must be provided f o r  energy 
s t o r a g e ,  which r e s u l t s  i n  very  l a r g e  i n c r e a s e s  i n  system 
weight ( 9 )  . 

The r a d i o i s o t o p e  t h e r m o e l e c t r i c  g e n e r a t o r  i s  a p o t e n t i a l  
power source  f o r  e lectr ic  propuls ion .  S p e c i f i c  weight  o f  t h e  
RTG used i n  t h e  T r a n s i t  sa te l l i t es  i s  about  1 0 0 0  lb/kwe. 
Because of t h i s  very  h igh  s p e c i f i c  weight ,  R T G ' s  probably 
could be used only f o r  a u x i l i a r y  e lec t r ic  p ropu l s ion  i n  t h e  
1 0  w a t t  range.  I f  n u c l e a r  s a f e t y  requirements  can be r e l axed  
i n  t h e  f u t u r e  then  t h e  RTG may have a l o w e r  s p e c i f i c  weight  
which would a l low a p p l i c a t i o n  t o  a u x i l i a r y  propuls ion  a t  
h ighe r  power l e v e l s .  For t h o s e  missions where a l a r g e  f r a c t i o n  
of t i m e  i s  s p e n t  i n  t h e  p l a n e t  shadow, it may w e l l  be t h a t  
RTG'S w i l l  prove s u p e r i o r  t o  t h e  solar-cel l  b a t t e r y  system. 
Another p o t e n t i a l  a p p l i c a t i o n  f o r  t h e  RTG i s  t h a t  o f  a u x i l i a r y -  
p ropu l s ion  power a t  g r e a t  d i s t a n c e s  from t h e  sun. 

Solar-cell a r r a y s  a t  power l e v e l s  below 1 0 0  w a t t s  have 

POWER-CONDITIONING AND CONTROLS 

M o s t  e lec t ros ta t ic  t h r u s t e r s  and s o m e  plasma t h r u s t e r s  
r e q u i r e  high-vol tage d . c ,  e lectr ic  power, Typica l  s o l a r - c e l l  
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a r r a y s  have an o u t p u t  of 28 v o l t s ,  d , c ,  Because of t h e  m i s m a t c h  
i n  vo l t age  between t h e  powerplant and the  e lectr ic  t h r u s t e r ,  
power-conditioning i s  u s u a l l y  a necessary p a r t  of t h e  electric 
propuls ion  system, 

major f r a c t i o n  of t h e  t o t a l  propuls ion  system weight,  The 
power cond i t ion ing  and c o n t r o l s  weights  shown i n  F igure  1 
a r e  r e p r e s e n t a t i v e  of the  p r e s e n t  s t a t e - o f - t h e - a r t  f o r  f l i g h t -  
p ro to type  systems, The weight  of 5 l b s  a t  27  w a t t s  of ou tpu t  
power from t h e  power cond i t ion ing  i s  t h e  t o t a l  weight  of t h e  
f l i g h t - p r o t o t y p e  power cond i t ion ing  f o r  a 1 4  micro-pound 
e l e c t r o s t a t i c  t h r u s t e r ( l 0 ) -  The weights  shown i n  F igure  1 
above 1000  w a t t s  are taken  from a f l i g h t - p r o t o t y p e  power 
cond i t ion ing  and c o n t r o l s  system designed f o r  primary solar- 
electric p ropu l s ion (7 )  * The c o n t r o l s  weight  i s  about  0.5 
pounds, so  t h e  power cond i t ion ing  accounts  f o r  n e a r l y  a l l  
of t h e  weight,  T h i s  i s  n o t  t oo  s u r p r i s i n g  because t h e  power 
cond i t ion ing  c o n s i s t s  of a l a r g e  number of components i n  a 
d .e , /a .c ,  i n v e r t e r l  a t ransformer  s t a g e ,  and a a , c . / d , c .  
r ec t i f ie r  s t a g e ,  

Power l o s s e s  i n  t h e  power condi t ion ing  can r e s u l t  i n  
very apprec i ab le  i n c r e a s e s  i n  system weight ,  because t h e s e  
losses i n c r e a s e  t h e  s i z e  and weight  of t h e  e lectr ic  powerplant.  
The power cond i t ion ing  and c o n t r o l s  e f f i c i e n c y  of 65% a t  27  
w a t t s  of ou tpu t  power i s  r e p r e s e n t a t i v e  of va lues  encountered 
i n  a 1 4  micro-pound e l e c t r o s t a t i c  t h r u s t e r  sys t em( lO) ,  b u t  it 
i s  p o s s i b l e  t h a t  t h i s  e f f i c i e n c y  would be improved. The 
e f f i c i e n c i e s  of 92% and better above an ou tpu t  power of 1000 
w a t t s  a r e  taken f r o m  a f l i g h t - p r o t o t y p e  des ign  intended f o r  
primary s o l a r - e l e c t r i c  p r o p u l s i o n ( 7 ) ,  

I n  a d d i t i o n  t o  t h e  s u b s t a n t i a l  we igh t  and power losses 
caused by t h e  power cond i t ion ing  and c o n t r o l s ,  t h i s  subsystem 
also in t roduces  a very much g r e a t e r  complexity t o  t h e  t o t a l  
electric propuls ion  system, For example, t h e  power cond i t ion ing  
and c o n t r o l s  f o r  t h e  1 4  micro-pound e l e c t r o s t a t i c  t h r u s t e r  
has more than  1000 c r i t i c a l  components, T h e  r a m i f i c a t i o n s  
t o  system r e l i a b i l i t y  are c l e a r l y  of major importance,  I t  i s  
s e l f - e v i d e n t  t h a t  a t r u l y  optimum design w i l l  be achieved 
only when t h e  electric t h r u s t e r  can o p e r a t e  d i r e c t l y  from 
t h e  powerplant o u t p u t  w i t h  a bare minimum of  power cond i t ion ing ,  
wi th  very s imple c o n t r o l  c i r c u i t r y ,  and low-weight power cables. 

I t  w i l l  be shown la te r  t h a t  power cond i t ion ing  can be a 

AUXILIARY ELECTRIC PROPULSION 

Electr ic  propuls ion  systems a r e  w e l l  s u i t e d  f o r  a number 

s a t e l l i t e  s t a t ion -keep ing  
s a t e l l i t e  a t t i t u d e  c o n t r o l  
s a t e l l i t e  d rag  c a n c e l l a t i o n  
sa te l l i t e  o r b i t  changes 
other  programmed maneuvers 
mid-cource c o n t r o l  of s p a c e c r a f t  a t t i t u d e  

of a u x i l i a r y  propuls ion  func t ions  which ine lude :  
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Some o f  t h e s e  t h r u s t i n g  f u n c t i o n s ,  p a r t i c u l a r l y  i n  very  long  
d u r a t i o n  miss ions ,  are so demanding t h a t  it appears  t h a t  
e lectr ic  p ropu l s ion  w i l l  be t h e  only  s a t i s f a c t o r y  system. 

An e x c e l l e n t  example of  t h e  p o t e n t i a l  a p p l i c a t i o n  of 
electric p ropu l s ion  i s  t h e  s t a t ion -keep ing  and a t t i t u d e - c o n t r o l  
of  synchronous s a t e l l i t e s ( 2 ) -  A t y p i c a l  e lectr ic  p ropu l s ion  
system des ign  f o r  t h e  synchronous s a t e l l i t e  i s  shown i n  
F igure  2 .  Approximate AV requirements  f o r  t h e  synchronous 
s a t e l l i t e  mission are: 

north-south s t a t ion -keep ing  180  f t / s e c / y r  
east-west s t a t ion -keep ing  7 f t / s e c / y r  
a t t i t u d e - c o n t r o l  1 3  € t / sec /y r  

For  a 2000-pound s a t e l l i t e  t h e s e  A V ' s  correspond t o  a t o t a l  
impulse of  about  1 2 , 0 0 0  lb-sec/yr .  P r o p e l l a n t  weight i s  
simply t h e  t o t a l  impulse d iv ided  by s p e c i f i c  impulse,  For 
example, a propuls ion  system wi th  a s p e c i f i c  impulse of 
1 0 0  seconds would r e q u i r e  1 2 0  pounds of  p r o p e l l a n t  p e r  y e a r  
of mission t i m e ,  I f  t h e  synchronous s a t e l l i t e  w e r e  in tended  
t o  have a l i f e t i m e  o f  5 y e a r s ,  then  one f o u r t h  of t h e  t o t a l  
s a t e l l i t e  weight would be p r o p e l l a n t ,  E lec t r ic  p ropu l s ion  
systems have s p e c i f i c  impulses of t h e  o r d e r  o f  1 0 0 0  seconds 
so t h a t  t h e  p r o p e l l a n t  requirement  can be g r e a t l y  reduced. 

t o  t h e  product  of t h r u s t  and s p e c i f i c  impulse. Because of 
t h e  high s p e c i f i c  weight  of solar-cell  a r r a y s  i t  i s  m o s t  
advantageous t o  o p e r a t e  t h e  electric t h r u s t e r s  a t  l o w  t h r u s t  
l e v e l s  b u t  f o r  long t h r u s t i n g  t i m e s ,  I n  t h i s  way t h e  power 
r equ i r ed  by t h e  t h r u s t e r  can be minimized, and t h e  combination 
o f  l o w  t h r u s t  and long t h r u s t i n g  t i m e  can s t i l l  s a t i s f y  t h e  
t o t a l  impulse requi rements ,  For t h e  cont inuous t h r u s t i n g  
mode of o p e r a t i o n  shown i n  F igure  2 ,  t h e  t h r u s t  l e v e l s  f o r  
a 2000-pound synchronous s a t e l l i t e  are: 

Elec t r ic  power r e q u i r e d  by t h e  t h r u s t e r  i s  p r o p o r t i o n a l  

north-south s t a t ion -keep ing  350 micro-pounds 
eas t -wes t  s t a t ion -keep ing  1 4  micro-pounds 

There are excep t ions  t o  t h e  con t inuous - th rus t  mode of o p e r a t i o n ,  
f o r  example a cont inuous flow of  e lectr ic  power from t h e  solar-  
c e l l  a r r a y  could be s t o r e d  i n  c a p a c i t o r s ,  When s u f f i c i e n t  
energy i s  accumulated i n  t h e  c a p a c i t o r s  t h e  energy can be 
d ischarged  t o  t h e  e lectr ic  t h r u s t e r  thereby  producing r e p e t i t i v e  
impulse b i t s  each having a t h r u s t  l e v e l  much h ighe r  than  t h e  
va lues  l i s t e d  above, I n  both  of t h e s e  modes of o p e r a t i o n  t h e  
power l e v e l  of t h e  s o l a r - c e l l  a r r a y  i s  minimized, and i n  t h i s  
way t h e  weight o f  t h e  t o t a l  system i s  a l so  k e p t  t o  a minimum. 

F l igh t -P ro to type  Electric Propuls ion  Systems 

can be cons idered  ready f o r  u se  i n  a f l i g h t  program. These 
systems are a l l  powered by solar-cell  a r r a y s  and can be 
d i s t i n g u i s h e d  by t h e  type  of  t h r u s t e r :  res is tojet ,  con tac t - ion  

T h e r e  a r e  t h r e e  types  of  e lectr ic  p ropu l s ion  systems t h a t  
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e l e c t r o s t a t i c  t h r u s t e r ,  and electron-bombardment e l e c t r o s t a t i c  
t h r u s t e r .  A l l  components of t h e s e  systems are de r ived  from 
well-known t e c h n o l o g y ( l l ) ,  Furthermore,  each  of  t h e  t h r u s t e r  
t ypes  has  been d u r a t i o n  t e s t e d  f o r  many thousands of hours  i n  
ground vacuum f a c i l i t i e s .  A s  a f i n a l  a c c r e d i t a t i o n  for  t h e  
f l i g h t - p r o t o t y p e  s t a t u s ,  a l l  t h r e e  o f  t h e  t h r u s t e r  t y p e s  have 
been flown i n  space.  

Resis tojets .  The p r e s e n t  s t a t u s  of f l i g h t - p r o t o t y p e  
resistojet systems i s  desc r ibed  i n  d e t a i l  i n  ano the r  paper ( l21 ,  - -  
so t h e  d i s c u s s i o n  h e r e  w i l l  be  b r i e f .  
power i s  used t o  r e s i s t a n c e - h e a t  s u r f a c e s  over which t h e  
p r o p e l l a n t  f lows. The hea ted  p r o p e l l a n t  i s  then  expanded 
thermodynamically through a convent iona l  exhaus t  nozz le .  I n  
p r i n c i p l e ,  a s p e c i f i c  impulse o f  about  1000  seconds should 
be p o s s i b l e  us ing  hydrogen as t h e  p r o p e l l a n t .  

s t o r a g e  of  l i q u i d  hydrogen, l i q u i d  ammonia is  used (9 )  .. The 
ammonia i s  vapor ized  and d i s s o c i a t e d  so  t h a t  t h e  p r o p e l l a n t  
i s  a mixture  o f  n i t r o g e n  and hydrogen gas .  I n  t h e  micro-pound 
t h r u s t  range t h e  ammonia res is tojet  has  achieved s p e c i f i c  
impulses o f  175  t o  250 seconds,  These r e l a t i v e l y  low va lues  
o f  s p e c i f i c  impulse appear  t o  be due t o  t h e  r e l a t i v e l y  moderate 
temperatures  achieved so f a r ,  and t h e  very  s m a l l  nozz le  t h r o a t  
s i z e  which causes  cons ide rab le  loss due t o  s l i p  flow. 

A resistojet  w i t h  a s p e c i f i c  impulse of 2 0 0  seconds would 
r e q u i r e  about  56 pounds o f  p r o p e l l a n t  t o  accomplish t h e  nor th-  
sou th  s t a t i o n  keeping o f  a 2000-pound s a t e l l i t e  f o r  on ly  one 
yea r .  A s  w i l l  be shown i n  t h e  fo l lowing  s e c t i o n s  t h e  weight  
o f  r e s i s t o j e t  systems i s  much g r e a t e r  t han  f l i g h t - p r o t o t y p e  
i o n  t h r u s t e r  systems f o r  performing such miss ions  as t h e  
synchronous s a t e l l i t e .  However t h e  resistojet  i n  t h e  micro- 
pound range may f i n d  use  i n  impor tan t  f u n c t i o n s  such as t h e  
i n v e r s i o n  maneuver f o r  g r a v i t y - g r a d i e n t  s t a b i l i z e d  s a t e l l i t e s ( 2 ) .  
R e s i s t o j e t s  i n  t h e  micro-pound t h r u s t  c lass  have impor tan t  
advantages f o r  moderate to t a l - impu l se  miss ions ;  t h e  e lectr ic  
power r equ i r ed  i s  less than  1 0  watts, t h e  r e s i s t a n c e  h e a t e r  
can be designed t o  o p e r a t e  d i r e c t l y  from t h e  s o l a r - c e l l  a r r a y  
o u t p u t  power, and t h e  resistojet  i t s e l f  i s  ve ry  s imple and 
rugged. 
by a mechanical gimbal.  

Typica l  performance o f  f l i g h t - p r o t o t y p e  resistojets i s  
summarized i n  Table  I.  Propuls ion  t i m e s  o f  1 0 0 0  and 1 0 , 0 0 0  
hours  a r e  used h e r e  f o r  purposes  of  comparison wi th  t h e  o t h e r  
t ypes  of  a u x i l i a r y  e lec t r ic  p ropu l s ion  systems, A s  noted 
above t h e  h igh  weight  o f  resistojet  systems f o r  long p ropu l s ion  
t i m e s  i s  due t o  t h e  low va lues  o f  s p e c i f i c  impulse t h a t  have 
been ob ta ined  wi th  resistojets i n  t h e  micro-pound t h r u s t  range. 
T h i s  poor performance f o r  long p ropu l s ion  t i m e s  i s  i n  c o n t r a s t  
t o  t h e  s u p e r i o r  performance of r e s i s t o j e t s  f o r  t h o s e  missions 
where propuls ion  t i m e s  of  t h e  o r d e r  of  1 0 0  hours  are r equ i r ed .  

I n  resistojets, e lectr ic  

Because of t h e  h igh  tank  weights  r e q u i r e d  for  long-term 

Thrus t  v e c t o r i n g  probably would have t o  be accomplished 
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Contact- ion t h r u s t e r s ,  Research and development of t h e  
contac t - ion  t h r u s t e r  began as e a r l y  a s  1957,  and s i n c e  then  
a major e f f o r t  has  been expended t o  b r ing  t h i s  t h r u s t e r  t ype  
t o  t h e  f l i g h t - p r o t o t y p e  s t a g e .  The contac t - ion  t h r u s t e r  has  
t e n s  of thousands of hours  of d u r a t i o n  t e s t i n g  i n  ground 
vacuum f a c i l i t i e s ,  and has  been s u c c e s s f u l l y  flown i n  space.  

t h e  s t o r a g e  tank t o  a vapor i ze r  and flow c o n t r o l  by c a p i l l a r y  
flow. T h e  cesium vapor a t  s e v e r a l  t o r r  p r e s s u r e  flows through 
t h e  porous tungs ten  i o n i z e r  and i s  ionized  as it leaves  t h e  
i o n i z e r .  This c o n t a c t  i o n i z a t i o n  process  proceeds wi th  n e a r l y  
1 0 0 %  e f f e c t i v e n e s s  when t h e  i o n i z e r  i s  maintained a t  1150 t o  
1350 deg K. The i o n i z e r  i s  maintained a t  a vo l t age  above 
space p o t e n t i a l  and t h e  a c c e l e r a t o r  e l e c t r o d e  i s  maintained 
a t  a vo l t age  below space p o t e n t i a l  t o  prevent  e l e c t r o n  
backstreaming. The cesium ions  are a c c e l e r a t e d  through t h e  
e l e c t r o s t a t i c  f i e l d  and emerge a t  h igh  exhaust  v e l o c i t y  from 
t h e  i o n i z e r .  The ion  exhaus t  beam must be n e u t r a l i z e d  wi th  
e l e c t r o n s  which a r e  supp l i ed  from t h e  n e u t r a l i z e r  f i l ament .  
Very e f f i c i e n t  h e a t  s h i e l d i n g  must be used t o  prevent  excess ive  
h e a t  l o s s  from t h e  i o n i z e r .  

Mass flow r a t e  i n  t h e  ion  exhaus t  beam is  p r o p o r t i o n a l  
t o  t h e  i o n  c u r r e n t .  Exhaust v e l o c i t y  of t h e  i o n s  is pro- 
p o r t i o n a l  t o  t h e  square  r o o t  of t h e  n e t  a c c e l e r a t i n g  vo l t age  
a s  shown i n  Figure 3. Because of t h e  space-charge i n  t h e  
a c c e l e r a t i o n  reg ion ,  t h e  ion  c u r r e n t  d e n s i t y  i s  l i m i t e d  t o  
a maximum value  which is  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
3/2 - power of a c c e l e r a t o r  vo l t age  and i n v e r s e l y  p r o p o r t i o n a l  
t o  t h e  square  of t h e  spac ing  between t h e  a c c e l e r a t o r  e l e c t r o d e s .  
For p r e c i s i o n  i o n  o p t i c s  t h e  a c c e l  l eng th  cannot  be much 
less than t h e  i o n i z e r  width.  Fabr i ca t ion  d i f f i c u l t i e s  have 
prevented a c c e l  l eng ths  of less than a few m i l l i m e t e r s ,  so 
t h a t  t h e  a c c e l e r a t o r  vo l t ages  must be i n  t h e  k i l o v o l t  range 
i n  o r d e r  t o  provide a reasonably high va lue  of t h r u s t  d e n s i t y ( l 3 ) .  
For t h i s  reason e lectrostat ic  ion  t h r u s t e r s  r e q u i r e  much power 
cond i t ion ing  t o  conver t  t h e  low vo l t age  power from s o l a r - c e l l  
a r r a y s .  

E l e c t r o s t a t i c  a c c e l e r a t i o n  of i ons  i n  t h e  contac t - ion  
t h r u s t e r  provides  a simple means f o r  p r e c i s i o n  t h r u s t  vec to r ing .  
By applying p o t e n t i a l  d i f f e r e n c e s  t o  segments of t h e  a c c e l e r a t o r  
e l e c t r o d e ,  o r  t o  e l e c t r o d e s  downstream of t h e  a c c e l e r a t o r  
e l e c t r o d e ,  t h e  ion  beam may be d e f l e c t e d  i n  a manner s i m i l a r  
t o  a cathode ray  t u b e ( 1 4 , 1 5 ) .  A mic ro th rus t e r  wi th  segmented 
e l e c t r o d e s  i s  shown i n  Figure 4, P r e c i s i o n  t h r u s t  vec to r ing  
has  been amply demonstrated throughout  a t  32 deg, cone angle .  

Complete f l i g h t - p r o t o t y p e  contac t - ion  mic ro th rus t e r  

F igures  5 and 6 .  Thrus t e r  systems such  a s  t h e s e  a r e  intended 
f o r  t h e  east-west s t a t i o n  keeping and t h e  a t t i t u d e  c o n t r o l  
func t ions  of synchronous s a t e l l i t e s  i l l u s t r a t e d  i n  Figure 2. 
A contac t - ion  t h r u s t e r  ( 1 6 )  s u i t a b l e  f o r  t h e  north-south 
s t a t i o n  keeping func t ion  i s  shown i n  Figure 7 ,  

I n  contac t - ion  t h r u s t e r s ,  cesium p r o p e l l a n t  moves from 

systems (10,16) (except  f o r  s o l a r - c e l l  a r r a y s )  are shown - i n  _ _  

7 



Electron-bombardment t h r u s t e r s ,  Research and development 
on electron-bombardment t h r u s t e r s  started i n  about 1960 wi th  
the  conception of t h e  Kaufman mercury-propellant e l e c t r o n -  
bombardment t h r u s t e r ( l 7 )  a t  NASA/Lewis ,  Many of t h e  des ign  
p r i n c i p l e s  of  t h e  o r i g i n a l  Kaufman t h r u s t e r  are s t i l l  used 
today,  b u t  there have been a number of  new concepts  developed 
which have led t o  cesium-propellant electron-bombardment 
mic ro th rus t e r s  (18) having e x c e l l e n t  performance, 

ope ra t ion  of electron-bombardment t h r u s t e r s  are n o t  w e l l  
understood, t h e  basic technology of a l l  components i s  w e l l  
i n  hand, Electron-bombardment t h r u s t e r s  have been d u r a t i o n  
t e s t e d  fo r  many t e n s  of thousands of hours i n  ground vacuum 
fac i l i t i e s .  The most s u c c e s s f u l  space f l i g h t  test  has been 
accomplished w i t h  t h e  o r i g i n a l  Kaufman t h r u s t e r ,  The SERT-I1  
f l i g h t  tests t o  be flown i n  t h e  nea r  f u t u r e  w i l l  have electron- 
bombardment t h r u s t e r s  i n  t h e  propuls ion  sys t em(2) .  There i s  
no doubt t h a t  t h e  electron-bombardment t h r u s t e r  s t a n d s  today 
i n  t h e  f l i g h t - p r o t o t y p e  c l a s s i f i c a t i o n ,  

I n  t h e  cesium electron-bombardment t h r u s t e r ,  t h e  cesium 
p r o p e l l a n t  flows by c a p i l l a r y  a c t i o n  t o  t h e  vapor i ze r  and 
f l o w  c o n t r o l .  C e s i u m  vapor then flows through t h e  feed tube  
t o  t h e  auto-cathode, The auto-cathode i s  equipped wi th  a 
heater needed only i n  s t a r t i n g  t h e  t h r u s t e r ,  The cesium 
covers  t h e  s u r f a c e  of t h e  auto-cathode thereby enhancing 
t h e  thermonic emission of e l e c t r o n s  needed f o r  t h e  d i scha rge  
i n  t h e  i o n i z a t i o n  chamber proper ,  E lec t rons  from t h e  auto- 
cathode a r e  a t t r a c t e d  toward t h e  anode, which i s  about 8 v o l t s  
above cathode p o t e n t i a l ,  The c y l i n d r i c a l - s h e l l  permanent 
magnet produces a s o l e n o i d a l  magnetic f i e l d  which t ends  t o  
keep t h e  e l e c t r o n s  i n  the  i o n i z a t i o n  volume u n t i l  they have 
had c o l l i s i o n s ,  The i o n i z a t i o n  p o t e n t i a l  of cesium is  about 
3 , 5  ev ,  so the  e l e c t r o n s  have s u f f i c i e n t  energy t o  produce 
a nea r ly  f u l l y  ion ized  plasma i n  t h e  chamber, The chamber 
and sc reen  g r i d  a r e  maintained a t  a n e t  a c c e l e r a t i n g  vo l t age  
above space p o t e n t i a l ,  and t h e  a c c e l e r a t o r  e l e c t r o d e  i s  
maintained a t  a v o l t a g e  below space p o t e n t i a l .  The electro- 
s t a t i c  f i e l d  between these e l e c t r o d e s  causes  a curved plasma 
shea th  t o  f o r m  upstream o f  each of  t h e  ho le s  i n  t h e  sc reen  
g r i d ,  Ions a r e  e x t r a c t e d  from the  plasma through t h i s  shea th  
and t h e n  a c c e l e r a t e d  o u t  through the  ho le s  i n  t h e  a c c e l e r a t o r  
e l e c t r o d e  t o  form i o n  exhaust  beams, E lec t rons  emitted from 
t h e  n e u t r a l i z e r  f i l amen t  e n t e r  each of  t h e  i o n  exhaus t  beams 
t o  n e u t r a l i z e  t h e  p o s i t i v e  space charge,  

l i m i t e d  by t h e  a c c e l e r a t o r  vo l t ages  and t h e  accel l eng ths  
i n  t h e  same manner as t h e  contac t - ion  t h r u s t e r ,  F l i g h t -  
p ro to type  electron-bombardment t h r u s t e r s  have a c c e l  l eng ths  
of s e v e r a l  m i l l i m e t e r s ,  so t h e  n e t  a c c e l e r a t i n g  v o l t a g e  must 
be i n  t h e  k i l o v o l t  range i n  o r d e r  t o  achieve a reasonably 
high t h r u s t  d e n s i t y ,  Power cond i t ion ing  i s  r equ i r ed  t o  

Although s o m e  of t he  basic mechanisms important  t o  t h e  

Thrus t  d e n s i t y  of t h e  electron-bombardment t h r u s t e r  i s  
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conver t  t h e  l o w  v o l t a g e  power from t h e  s o l a r - c e l l  a r r a y s  t o  
t h e  high-vol tage power r e q u i r e d  by t h e  electron-bombardment 
t h r u s t e r  

are shown i n  F igure  8, Chamber d iameters  o f  t h e s e  t h r u s t e r s  
are from 0,5 t o  5 , 3  i nches ,  and t h e  t h r u s t e r s  cover a t h r u s t  
range from 1 0  t o  6700 micro-pounds, 

Tota l  system weights  o f  t h e  f l i g h t - p r o t o t y p e  electric t h r u s t e r  
systems are summarized i n  F igu res  9 and 1 0 ;  t h e s e  f i g u r e s  are 
f o r  p ropu l s ion  t i m e s  of 1000  t o  1 0 , 0 0 0  hours  r e s p e c t i v e l y .  
A p ropu l s ion  t i m e  of  1 0 , 0 0 0  hours  corresponds t o  a mission 
t i m e  o f  somewhat over  1 y e a r  f o r  t h e  synchronous s a t e l l i t e  
i l l u s t r a t e d  i n  F igu re  2, From i n s p e c t i o n  of F igu re  9 it i s  
e v i d e n t  t h a t  t h e  resistojet  i s  s u p e r i o r  w i t h  r e s p e c t  t o  t o t a l  
system weight  f o r  s h o r t  miss ions ,  b u t  t h e  e lectrostat ic  i o n  
t h r u s t e r  systems become compe t i t i ve  when p ropu l s ion  t i m e  
reaches  about  2000 hours ,  For a p ropu l s ion  t i m e  of  1 0 , 0 0 0  
hours  t h e  500 micro-pound res is tojet  l i s t e d  i n  Table I has  
a t o t a l  system weight  of  136 poundsl whi.ch i s  about  3 t i m e s  
a s  heavy as e l e c t r o s t a t i c  i o n  t h r u s t e r  systems a t  t h a t  t h r u s t  
l e v e l ,  a s  shown i n  F i g u r e . 1 0 ,  On t h e  basis  o f  t h e s e  t o t a l  
system weight  comparisons it i s  e v i d e n t  t h a t  t h e  resistojet 
e lectr ic  p ropu l s ion  system i s  s u p e r i o r  f o r  s h o r t  miss ions ,  
whi le  t h e  e l e c t r o s t a t i c  i o n  t h r u s t e r  systems are s u p e r i o r  
f o r  long a u x i l i a r y  p ropu l s ion  miss ions ,  

e lectr ic  p ropu l s ion  system, The resistojet  can o p e r a t e  
d i r e c t l y  f r o m  a solar-cel l  a r r a y  power o u t p u t ,  and t h e r e f o r e  
r e q u i r e s  a minimum of  power cond i t ion ing  and c o n t r o l s .  A 
t y p i c a l  power c o n d i t i o n i n g  subsystem f o r  t h e  e lec t ros ta t ic  
i o n  t h r u s t e r  has  m o r e  t han  1 0 0 0  c r i t i c a l  components: such 
a l a r g e  number of c r i t i c a l  components i s  bound t o  d r a s t i c a l l y  
a f f e c t  t h e  r e l i a b i l i t y  o f  t h e  e lectrostat ic  i o n  m i c r o t h r u s t e r  
system. I n  t h i s  r e s p e c t  t h e  e lectrostat ic  i o n  t h r u s t e r  system 
can be compe t i t i ve  w i t h  t h e  res is tojet  system on ly  i f  adequate  
r e l i a b i l i t y  o f  power cond i t ion ing  i s  conc lus ive ly  proven. 

Another impor tan t  f a c t o r  f o r  many miss ions  i s  t h e  
c a p a b i l i t y  f o r  p r e c i s i o n  t h r u s t  v e c t o r i n g ,  The con tac t - ion  
e lec t ros ta t ic  t h r u s t e r  posses ses  t h i s  c a p a b i l i t y ,  P r e c i s i o n  
t h r u s t  v e c t o r i n g  might be p o s s i b l e  f o r  t h e  electron-bombardment 
m i c r o t h r u s t e r ,  b u t  it i s  u n l i k e l y  t h a t  p r e c i s i o n  t h r u s t  
v e c t o r i n g  can be developed f o r  t h e  r e s i s t o j e t  by any o t h e r  
m e a n s  than mechanical g imbal l ing ,  

e lectr ic  p ropu l s ion  systems d e s c r i b e d  h e r e  are f i r m ,  and 
form an e x c e l l e n t  b a s i s  for judging t h e  r e l a t ive  m e r i t s  o f  
t h e  experimental  t h r u s t e r  systems and t h e  advanced concepts  
t o  be desc r ibed  i n  t h e  fo l lowing  s e c t i o n s ,  

F l igh t -p ro to type  electron-bombardment m i c r o t h r u s t e r s ( l 8 )  

Summary o f  f l i g h t - p r o t o t y p e  electric t h r u s t e r  systems. 

Other  f a c t o r s  are a l s o  impor tan t  i n  t h e  choice  o f  t h e  

The performance c h a r a c t e r i s t i c s  of t h e  f l i g h t - p r o t o t y p e  
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Experimental  Thrus t e r  Systems 
There are t h r e e  t h r u s t e r  t y p e s  judged t o  be i n  t h e  

exper imenta l  t h r u s t e r  ca tegory ;  cha rged-pa r t i c l e  e lectrostat ic  
t h r u s t e r s  ( c o l l o i d  t h r u s t e r s )  magnetoplasmadynamic t h r u s t e r s  
(MPD t h r u s t e r s ) ,  and s o l i d - p r o p e l l a n t  electric t h r u s t e r s  
(SPET sys t ems) ,  A l l  o f  t h e s e  exper imenta l  t h r u s t e r s  have 
r ece ived  a cons ide rab le  amount o f  r e s e a r c h  and development 
e f f o r t .  Laboratory p ro to types  o f  each of t h e s e  t h r u s t e r s  
have been ope ra t ed  f o r  hundreds o f  hours  i n  ground vacuum 
f a c i l i t i e s .  Although t h e  b a s i c  mechanisms impor tan t  t o  t h e  
o p e r a t i o n  of  each o f  t h e  t h r u s t e r  t ypes  are n o t  completely 
understood,  performance measurements have been made w i t h  a 
s u f f i c i e n t  degree  o f  conf idence  t o  a l l o w  a f a i r l y  r e l i a b l e  
eva lua t ion .  

been advocated for  some t i m e  as  being p o t e n t i a l l y  s u p e r i o r  
t o  any o t h e r  t ype  o f  e lectr ic  t h r u s t e r ( l 9 , 2 0 ) .  I n  t h e  p a s t  
f e w  y e a r s  a l i qu id - sp ray  cha rged-pa r t i c l e  e lectrostat ic  
t h r u s t e r ( 2 1 )  has  been developed t o  a s t a t u s  of  e x c e l l e n t  
exper imenta l  performance, 

p r o p e l l a n t  i s  fo rced  under p r e s s u r e  t o  f l o w  i n t o  hollow 
need le s  w i t h  0 , 0 1 4  inch  o u t s i d e  d iameter  and 0 . 0 0 4  i n c h  
i n s i d e  diameter. The g l y c e r o l  p r o p e l l a n t  c o n t a i n s  an  
a d d i t i v e  such as s u l f u r i c  a c i d  o r  sodium i o d i d e  t o  c o n t r o l  
t h e  e lectr ical  c o n d u c t i v i t y  of  t h e  f l u i d ,  When t h e  l i q u i d  
reaches  t h e  end of  t h e  tube ,  it i s  exposed t o  a s t r o n g  
electric f i e l d .  The forces e x e r t e d  on t h e  l i q u i d  s u r f a c e  
a t  t h e  need le  t i p  i n c l u d e  s u r f a c e  t e n s i o n ,  t h e  f eed  p r e s s u r e ,  
and t h e  e lec t r ic  p r e s s u r e  produced by t h e  f i e l d .  I n  a manner 
n o t  y e t  w e l l  understood an u n s t a b l e  l i q u i d  i s  produced from 
which charged mul t imolecular  d r o p l e t s  are e j e c t e d  cont inuous ly .  
The charged d r o p l e t s  are then  a c c e l e r a t e d  i n  t h e  e lec t ros ta t ic  
f i e l d  through t h e  a c c e l e r a t o r  e l e c t r o d e  a p e r t u r e  where e l e c t r o n s  
a r e  added t o  t h e  exhaus t  beam t o  n e u t r a l i z e  t h e  p o s i t i v e  space 
charge.  

Although t h e  charged p a r t i c l e s  have a spectrum of charge/ 
m a s s ,  t h i s  spectrum i s  f a i r l y  narrow so t h a t  t h e  power loss 
is  only  about  1 0  t o  30 p e r c e n t  due t o  t h e  v e l o c i t y  d i s t r i b u t i o n  
i n  t h e  exhaus t  beam, The width of  t h e  charge/mass spectrum 
i s  somewhat independent  o f  t h e  s p e c i f i c  impulse,  and appears  
t o  be more a f u n c t i o n  o f  t h e  geometry of t h e  need le  t i p s  and 
o f  t h e  uni formi ty  of t h e  needle  bore ,  The mean va lue  of  t h e  
mass/charge can be c o n t r o l l e d  by a d j u s t i n g  t h e  m a s s  flow r a t e  
and t h e  v o l t a g e  between t h e  need le s  and t h e  e x t r a c t o r  e l e c t r o d e ,  
and by a d j u s t i n g  t h e  e lectr ical  c o n d u c t i v i t y  of t h e  p r o p e l l a n t  
and t h e  type  o f  a d d i t i v e  used i n  t h e  p r o p e l l a n t .  Charge/mass 
r a t i o s  o f  from 2 0 0  t o  1 0 , 0 0 0  coulombs/kilogram have been 
ob ta ined  exper iment ly ;  t h e s e  va lues  o f  charge/mass correspond 
t o  s p e c i f i c  impulses of 1 4 0  t o  1 0 0 0  seconds r e s p e c t i v e l y  wi th  
a n e t  a c c e l e r a t i n g  v o l t a g e  of 6000 v o l t s .  

C o l l o i d  t h r u s t e r s .  C o l l o i d  e l e c t r o s t a t i c  t h r u s t e r s  have 

I n  t h e  l a b o r a t o r y  p ro to type  o f  t h i s  t h r u s t e r ,  g l y c e r o l  
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There has  been s o m e  d i f f i c u l t y  wi th  e r o s i o n  of t h e  needle  
t i p s ,  normally because of  e lectr ic  d i s c h a r g e s ,  Even i n  t h e  
absence o f  needle  t i p  e r o s i o n  a g radua l  dec rease  i n  performance 
has been observed i n  s o m e  tests of 1 0 0  hours  o r  more i n  d u r a t i o n .  
This  g radua l  deg rada t ion  i n  performance appears  t o  be due t o  
e i t h e r  d e p o s i t s  o f  material  a t  t h e  needle  t i p ,  o r  condensat ion 
o f  o rgan ic  mater ia l  on t h e  e x t r a c t o r  and t h e  needle .  

Est imated performance c h a r a c t e r i s t i c s  o f  t h e  l i qu id - sp ray  
cha rged-pa r t i c l e  e l e c t r o s t a t i c  m i c r o t h r u s t e r  are shown i n  
F igure  11, based on pub l i shed  d a t a  f o r  6-needle and 37-needle 
des igns  e 

A large p a r t  of t h e  e s t i m a t e d  system weight at 345 micro- 
pounds of t h r u s t  i s  p r o p e l l a n t  weight ,  so i f  a p ropu l s ion  t i m e  
o f  on ly  1 0 0 0  hours  w e r e  r e q u i r e d ,  t h e  t o t a l  system m a s s  would 
be 12 ,4  pounds a t  t h i s  t h r u s t  l e v e l ,  This  weight i s  less than  
t h a t  of f l i g h t - p r o t o t y p e  r e s i s t o j e t  system desc r ibed  p r e v i o u s l y ,  
so it appears  t h a t  t h e  c h a r g e d - p a r t i c l e  e lectrostat ic  micro- 
t h r u s t e r  may become compe t i t i ve  w i t h  t h e  r e s i s t o j e t  system 
f o r  s h o r t  propuls ion-t ime miss ions ,  

From i n s p e c t i o n  o f  F igure  11 it i s  e v i d e n t  t h a t  t h e  
cha rged-pa r t i c l e  exper imenta l  m i c r o t h r u s t e r  w i l l  be  compe t i t i ve  
w i t h  f l i g h t - p r o t o t y p e  i o n  t h r u s t e r s  i f  adequate  d u r a b i l i t y  o f  
t h e  exper imenta l  t h r u s t e r  can be demonstrated i n  t h e  f u t u r e .  
However, f o r  miss ions  wi th  p ropu l s ion  t i m e s  of more than  
1 0 , 0 0 0  hour s ,  i t  i s  clear t h a t  t h e  c h a r g e d - p a r t i c l e  e l e c t r o -  
s t a t i c  t h r u s t e r  system weight  w i l l  become h i g h e r  t han  t h e  
f l i g h t - p r o t o t y p e  i o n  t h r u s t e r  system weight ,  u n l e s s  t h e  s p e c i f i c  
impulse of  t h e  c h a r g e d - p a r t i c l e  t h r u s t e r  can be s u b s t a n t i a l l y  
i n c r e a s e d  by f u r t h e r  r e s e a r c h  and development, 

t h r u s t e r  i s  t h e  l o w  power consumption, By comparison of 
F igures  1 0  and 11 it i s  e v i d e n t  t h a t  t h e  f l i g h t - p r o t o t y p e  i o n  
t h r u s t e r s  r e q u i r e  much m o r e  power than  t h e  cha rged-pa r t i c l e  
e l ec t ros t a t i c  t h r u s t e r ,  and t h i s  i s  t r u e  even i f  t h e  s p e c i f i c  
impulse o f  t h e  c h a r g e d - p a r t i c l e  e lec t ros ta t ic  t h r u s t e r  i s  
inc reased  i n  t h e  f u t u r e ,  The fundamental reason f o r  t h e  
h ighe r  power consumption of f l i g h t - p r o t o t y p e  i o n  t h r u s t e r s  
i s  simply t h a t  they  a r e  very  i n e f f i c i e n t -  I n  t h e  con tac t - ion  
t h r u s t e r s  l a r g e  amounts of power are l o s t  by r a d i a t i o n  and 
conduct ion from t h e  extremely ho t  i o n i z e r ,  I n  t h e  electron- 
bombardment t h r u s t e r s  it appears  t h a t  a g r e a t  amount of  power 
i s  l o s t  by recombination of i o n s  on t h e  i n n e r  walls o f  t h e  
t h r u s t e r  chamber, I n  t h e  cha rged-pa r t i c l e  e l e c t r o s t a t i c  
t h r u s t e r  t h e  only  apprec i ab le  power loss i s  i n  t h e  v a p o r i z e r ,  
t h e  n e u t r a l i z e r ,  and t h e  exhaus t  v e l o c i t y  d i s t r i b u t i o n ,  I f  
t h e  c h a r g e d - p a r t i c l e  e l e c t r o s t a t i c  t h r u s t e r  can be developed 
t o  a f l i g h t - p r o t o t y p e  s t a t u s  then  it might be p o s s i b l e  t o  
supply t h e  moderate power requirements  of  t h i s  t h r u s t e r  w i t h  
r a d i o i s o t o p e  t h e r m o e l e c t r i c  g e n e r a t e r s ,  For v e h i c l e s  and 
missions where so la r  cel ls  a r e  awkward o r  imposs ib le  t h e  l o w  
power consumption of t h e  cha rged-pa r t i c l e  e l e c t r o s t a t i c  
t h r u s t e r  could be a s i g n i f i c a n t  advantage,  

An impor tan t  f e a t u r e  of t h e  c h a r g e d - p a r t i c l e  e l e c t r o s t a t i c  



S o l i d  p r o p e l l a n t  electric t h r u s t e r s  ( S P E T ) ,  The SPET 
m i c r o t h r u s t e r ( 2 2 )  is  an unusual concept  i n  which a t h i n  f i l m  
of p r o p e l l a n t  i s  exploded by t h e  passage o f  a sudden d i s c h a r g e  
o f  e lec t r ica l  energy. The exhaus t  v e l o c i t y  o f  t h e  r e s u l t i n g  
plasma can be augmented by e l ec t romagne t i c  a c c e l e r a t i o n .  

t o  a s l o t  connect ing t w o  e lectrodes. ,  When a c a p a c i t o r  con ta in ing  
e lec t r ica l  energy o f  about  1 j o u l e  i s  d i scha rged  across t h e  two 
e l e c t r o d e s  t h e  sudden a d d i t i o n  of e lectr ical  energy explodes 
and i o n i z e s  t h e  p r o p e l l a n t  which can be f u r t h e r  accelerated by 
t h e  p a r a l l e l  r a i l  arrangement. The normal mode of o p e r a t i o n  
i s  one p u l s e  eve ry  t w o  seconds.  

of SPET has  been t h e  formation o f  hard d e p o s i t s  of c e r t a i n  
c o n s t i t u e n t s  of t h e  o r g a n i c  p r o p e l l a n t s ,  I t  i s  r e p o r t e d  t h a t  
a non-organic p r o p e l l a n t  has  been found which has  a p p r o p r i a t e  
c h a r a c t e r i s t i c s  for explos ion  by e lec t r ica l  energy a d d i t i o n .  
Durat ion tes ts  have been conducted wi th  as many as 3.65 m i l l i o n  
p u l s e s .  There are 31-5 m i l l i o n  seconds p e r  yea r ,  so  t h e s e  
d u r a t i o n  tests are e q u i v a l e n t  t o  about  0 . 1  yea r  a t  t h e  rate 
o f  1 p u l s e  p e r  second. D a t a ( 2 2 )  from t h i s  d u r a t i o n  t es t  are 
l i s t e d  i n  Table 11. 

I f  t h e  SPET exper imenta l  m i c r o t h r u s t e r  can be developed 
f u r t h e r  t o  have a d u r a b i l i t y  of one y e a r  t hen  it could provide  
about one t e n t h  o f  t h e  t o t a l  impulse r e q u i r e d  f o r  t h e  a t t i t u d e  
c o n t r o l  of t h e  2000-pound synchronous s a t e l l i t e  i l l u s t r a t e d  i n  
F igure  2 .  If s t i l l  f u r t h e r  development i s  p o s s i b l e ,  and t h e  
SPET system i s  scaled up t o  t h e  e q u i v a l e n t  of  1 4  micro-pounds 
of t h r u s t ,  t hen  t h e  i n p u t  power t o  t h e  t h r u s t e r  would be 1 0  
w a t t s .  This  would b r i n g  t h e  SPET m i c r o t h r u s t e r  t o  a compe t i t i ve  
s t a t u s  wi th  t h e  f l i g h t - p r o t o t y p e  con tac t - ion  m i c r o t h r u s t e r  
shown i n  F igu res  9 and 10, Sca l ing  up t o  t h i s  t h r u s t  l e v e l  
i nvo lves  t h e  release o f  about  1 0  j o u l e s  o f  e l e c t r i c a l  energy 
p e r  p u l s e ;  whether t h e  release o f  t h i s  much energy i n t o  t h e  
p r o p e l l a n t  f i l m  can be accomplished wi thou t  damage t o  t h e  
t h r u s t e r  i s  a q u e s t i o n  t h a t  s t i l l  must be answered. 

Another d i f f i c u l t y  encountered i n  t h e  development of t h e  
SPET m i c r o t h r u s t e r  i s  t h e  l i f e t i m e  of  t h e  swi tch ing  tube .  
Cold cathode t h y r a t r o n s  have been used so f a r ,  b u t  t h e s e  have 
a l i f e  of  on ly  about  200,000 p u l s e s ,  which i s  a f a r  from 
adequate  d u r a b i l i t y .  

t h a t  a c o n s i d e r a b l e  amount of  development remains t o  be done 
b e f o r e  t h e  SPET m i c r o t h r u s t e r  can achieve  a f l i g h t - p r o t o t y p e  
s t a t u s .  

MPD t h r u s t e r s .  E lec t romagnet ic  a c c e l e r a t i o n  of  plasmas 
has been t h e  subject  o f  much r e s e a r c h  s i n c e  t h e  e a r l y  days 
of  e lectr ic  p ropu l s ion .  Two r a t i o n a l e s  have o f t e n  been quoted 
f o r  t h i s  r e s e a r c h  e f f o r t ,  one be ing  t h a t  t h e  plasma t h r u s t e r  
has  promise o f  a h igh  t h r u s t  p e r  u n i t  area compared w i t h  t h e  
i o n  t h r u s t e r s ,  and t h e  o t h e r  be ing  t h a t  t h e  plasma t h r u s t e r  
can o p e r a t e  on low-voltage power, High t h r u s t  p e r  u n i t  area 

I n  t h e  SPET t h r u s t e r ,  c a p i l l a r y  flow carries t h e  p r o p e l l a n t  

One o f  t h e  d i f f i c u l t i e s  encountered i n  t h e  development 

On the b a s i s  of  t h i s  in format ion  it must be concluded 
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i s  n o t  a p a r t i c u l a r l y  important  advantage f o r  mic ro th rus t e r s ,  
b u t  ope ra t ion  wi th  low-voltage power may be a s i g n i f i c a n t  
advantage. 

t h r u s t e r  has  been under development a t  t h e  NASA/Lewis Research 
Center(23,24)  I n  t h i s  D t h r u s t e r ,  a p r o p e l l a n t  such as 
argon f l o w s  i n t o  a hollow cathode where it i s  ionized  by 
e l e c t r o n  bombardment. The major p o r t i o n  of t h e  p r o p e l l a n t  
e n t e r s  t h e  chambers through t h e  anode f eed  tubes  and i s  
ion ized  i n  t h e  d i scha rge  t h a t  e x i s t s  between t h e  cathode 
and t h e  anode, A s t r o n g  a x i a l  magnetic f i e l d  i s  maintained 
by t h e  permanent magnets and t h e  electromagnets .  F i e l d  
s t r e n g t h  a t  t h e  cathode i s  about 500  gauss  and i s  about 
250 gauss  a t  t h e  exhaus t  a p e r a t u r e ,  Thrus t  i s  genera ted  by 
t h e  expansion of  t h e  h o t  plasma i n  t h e  magnetic nozzle ,  The 
d ischarge  vo l t age  ranges from 1 0 0  t o  200 v o l t s ,  depending on 
t h e  o p e r a t i n g  condi t ions .  

I n  earlier vers ions of t h i s  MPD t h r u s t e r  t h e  magnetic 
f i e l d  w a s  produced by electromagnets  e n t i r e l y ,  Because of 
poor h e a t  r e j e c t i o n  t h e  electromagnets  overheated af ter  
about 1 5  minutes of  ope ra t ion ;  e lectromagnet  power w a s  
300 w a t t s  a t  a c o i l  temperature  of 600 deg. C, I n  t h e  EM-PM 
MPD t h r u s t e r  a c y l i n d r i c a l  permanent magnet around t h e  hollow 
cathode gene ra t e s  a s i g n i f i c a n t  f r a c t i o n  of t h e  t o t a l  magnetic 
f i e l d .  With t h i s  combination of permanent magnet and electro- 
magnets, t h e  electromagnet  power has been reduced by 50%,  b u t  
as a consequence t h e  t h r u s t e r  weight has been increased  
s i g n i f i c a n t l y  by t h e  a d d i t i o n  of t h e  permanent magnet, 

mic ro th rus t e r  are compared i n  F igure  1 2  w i th  weights of 
f l i gh t -p ro to type  i o n  t h r u s t e r  systems. For missions wi th  
propuls ion  t i m e  o f  1 0 , 0 0 0  hours t h e  experimental  MPD micro- 
t h r u s t e r  system would be 2 o r  3 t i m e s  heav ie r  then  t h e  
f l i gh t -p ro to type  i o n  t h r u s t e r  systems. Even i f  t h e  electro- 
magnet power w e r e  e l imina ted  e n t i r e l y  t h e  MPD mic ro th rus t e r  
system would not be competi t ive,  The s a m e  remarks can be 
made f o r  t h e  comparative s t a t u s  of  t h e  experimental  MPD 
mic ro th rus t e r  i n  missions wi th  propuls ion  t i m e s  o f  1 0 0 0  hours. 
On t h e s e  grounds, it must be concluded t h a t  t h e  EM-PM MPD 
t h r u s t e r  does n o t  have much promise of having l o w e r  system 
weights then  t h e  f l i gh t -p ro to type  ion  t h r u s t e r  systems. 

Improvement of  performance of  t h i s  t h r u s t e r  would 
probably have t o  be accomplished wi th  p r o p e l l a n t s  o t h e r  than  
argon. The es t imated  system weights  do n o t  i nc lude  weight 
p e n a l t i e s  a s s o c i a t e d  wi th  t h e  use of gaseous p r o p e l l a n t s .  
From inspec t ion  of Figure 1 2  it is  clear t h a t  a tankage of 
50 t o  1 0 0 %  would s e r i o u s l y  i n c r e a s e  t h e  t o t a l  system weight 
of t h e  MPD mic ro th rus t e r  f o r  missions wi th  propuls ion t i m e s  
o f  t h e  o r d e r  of 1 0 , 0 0 0  hours.  I n  p r i n c i p l e ,  p r o p e l l a n t s  
such as t h e  a l k a l i  m e t a l s  could be used i n  t h e  MPD m i c r o -  
t h r u s t e r ,  and t h e s e  p r o p e l l a n t s  would have much lower tank 
weights e 

For a number of  yea r s  a magnetoplasmadynamic (MPD) 

Estimated t o t a l  system weights of t h e  experimental  MPD 
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A p o t e n t i a l  advantage of t h e  MPD m i c r o t h r u s t e r  i s  t h e  
e l i m i n a t i o n  of power cond i t ion ing  w i t h  r e s u l t i n g  r e l i a b i l i t y  
due to s i m p l i c i t y .  R e a l i z a t i o n  of  t h i s  advantage must a w a i t  
t h e  development of f l i g h t - q u a l i f i e d  s o l a r - c e l l  a r r a y s ( 8 )  
t h a t  can o p e r a t e  a t  o u t p u t  v o l t a g e s  o f  1 0 0  t o  200  v o l t s .  
U n t i l  such s o l a r  power i s  a v a i l a b l e ,  t h e  EM-PM MPD t h r u s t e r  
cannot  be cons idered  a s e r i o u s  compet i tor ,  and even then  t h e  
MPD t h r u s t e r  performance would have t o  be improved s i g n i f i c a n t l y ,  

Advanced Concepts 
There are two advanced concepts  i n  a u x i l i a r y  p ropu l s ion  

t h a t  appear  t o  have g r e a t  promise of much b e t t e r  performance 
than  t h e  f l i g h t - p r o t o t y p e  i o n  t h r u s t e r  e lectr ic  p ropu l s ion  
systems. These a r e  t h e  rad io iso tope-hea ted  con tac t - ion  micro- 
t h r u s t e r ,  and t h e  plasma-separator  m i c r o t h r u s t e r ,  Both of 
t h e s e  advanced concepts  are based on demonstrated p r i n c i p l e s ,  
b u t  have n o t  y e t  been ope ra t ed  as l a b o r a t o r y  p ro to type  
t h r u s t e r s .  I n  f a c t ,  t h e  f e a s i b i l i t y  o f  a11 components of 
t h e s e  advanced concepts  has  been demonstrated i n  l a b o r a t o r y  
experiments .  There a r e  a number of o t h e r  advanced concepts  
such a s  t h e  ELM (exploded l i q u i d  m e t a l )  t h r u s t e r ,  t h e  REPPAC 
( p u l s e d  plasma a c c e l e r a t o r )  t h r u s t e r ,  pu lsed  vacuum-arc 
m i c r o t h r u s t e r ,  e tc .  None of  t h e s e  are inc luded  i n  t h e  p r e s e n t  
review because o f  t h e  l a c k  of s u f f i c i e n t  in format ion  t o  
e s t a b l i s h  t h e i r  f e a s i b i l i t y  o r  p o t e n t i a l i t y .  

Radioisotope-heated can tac t - ion  m i c r o t h r u s t e r s ,  A major 
f r a c t i o n  of t h e  power requirements  f o r  con tac t - ion  t h r u s t e r s  
i s  consumed by t h e  i o n i z e r  h e a t e r ,  
i o n i z e r ( 2 5 )  must be maintained a t  1150 deg. K f o r  an i o n  
c u r r e n t  d e n s i t y  of  1 mil l iampere/sq.  c m ,  and 1350 deg. K f o r  
an i o n  c u r r e n t  d e n s i t y  o f  1 0  mil l iampere/sq,  c m .  Because of 
r a d i a t i o n  and conduct ion h e a t  t r a n s f e r  a c o n s i d e r a b l e  amount 
of power must be used t o  main ta in  t h e  i o n i z e r s  a t  t h e s e  
tempera tures .  I t  appears  p o s s i b l e ,  i n  p r i n c i p l e  a t  l eas t ,  
t o  use r a d i o i s o t o p e  h e a t i n g  of i o n i z e r s  i n s t e a d  of t h e  
e lectr ical  h e a t i n g  t h a t  i s  p r e s e n t l y  used i n  f l i g h t - p r o t o t y p e  
con tac t - ion  m i c r o t h r u s t e r s ,  

P o w e r  requirements  f o r  t h e  various components o f  t h e  
f l i g h t - p r o t o t y p e  con tac t - ion  m i c r o t h r u s t e r s  a r e  l i s t e d  i n  
Table  111. For t h e  1 4  micro-pound m i c r o t h r u s t e r ,  t h e  i o n i z e r  
h e a t e r  r e q u i r e s  7 - 6  watts which corresponds t o  a s o l a r  c e l l  
power of  1 1 . 7  w a t t s  which i n  t u r n  corresponds t o  about  1 . 8  l b .  
o f  s o l a r - c e l l  a r r a y ,  From t h i s  it i s  clear t h a t  r a d i o i s o t o p e  
h e a t i n g  o f  1 0  micro-pound t h r u s t e r s  w i l l  save  on ly  a s m a l l  
amount o f  t o t a l  system weight.  For t h e  300 micro-pound micro- 
t h r u s t e r ,  about  7 l b ,  of solar-cell  a r r a y  could be saved. 
From i n s p e c t i o n  of  F igu res  9 and 1 0  i t  i s  e v i d e n t  t h a t  a 
7 lb. r e d u c t i o n  i n  t o t a l  system weight i s  a p p r e c i a b l e ,  

of r a d i o i s o t o p e  h e a t i n g  o f  i o n i z e r s  i t  may be concluded t h a t  
s i g n i f i c a n t  weight  r e d u c t i o n s  could be a t t a i n e d  i f  t h e  rad io-  
i s o t o p e  containment and he l ium-gas- rece iver  v e s s e l s  can be 
developed t o  a r e l i a b l e  and l i g h t w e i g h t  s t a t u s ,  
t h a t  t h e  technology being developed f o r  r a d i o i s o  jets ( 2 6 )  w i l l  

The porous- tungsten 

On t h e  b a s i s  of  t h i s  cursory  examinat ion of  t h e  m e r i t s  

I t  i s  expected 
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have much bear ing  and use fu lness  i n  r a d i o i s o t o p e  hea t ing  of 
i o n i z e r s ,  The promethium-147 h e a t e r  capsule  i n  t h e  rad io-  
i so je t  has  a l r eady  a t t a i n e d  o p e r a t i n g  temperatures  of 
1280  deg. K. I n  t h e  s t a t i c  h e a t  t r a n s f e r  environment of 
i o n i z e r  h e a t i n g ,  and wi th  improved thermal  i n s u l a t i o n ,  it is  
p o s s i b l e  t h a t  promethium-147 could become an adequate  h e a t e r  
f o r  contac t - ion  m i c r o t h r u s t e r s  a t  l o w  i o n  c u r r e n t  d e n s i t i e s ,  
Since promethium-147 i s  a b e t a  p a r t i c l e  e m i t t e r  and has  only  
a small  r a d i a t i o n  i n t e n s i t y ,  i t  has  o p e r a t i o n a l  advantages 
over  t h e  a lpha  p a r t i c l e  e m i t t i n g  r a d i o i s o t o p e s .  Fu r the r  
t h e o r e t i c a l  a n a l y s i s  and experimental  development i s  needed 
be fo re  t h e  f e a s i b i l i t y  of r a d i o i s o t o p e  h e a t i n g  of i o n i z e r s  
can be e s t a b l i s h e d  conc lus ive ly .  Addi t iona l  work w i l l  be  
worthwhile because of t h e  p o t e n t i a l  r educ t ions  i n  system 
weight  i n  t h e  s e v e r a l  hundred micro-pound t h r u s t  range. 

Plasma s e p a r a t o r  t h r u s t e r .  Some experimental  work has  
been done which e s t a b l i s h e s  t h e  performance of t h e  c r i t i c a l  
components of t h e  plasma-separator  t h r u s t e r  concept.  Although 
t h i s  concept  has  n o t  been ope ra t ed  a s  a complete t h r u s t e r  
t h e  components appear  t o  be f u l l y  compatable,  and t h e i r  
measured c h a r a c t e r i s t i c s  o f f e r  promise of a h igh  performance 
t h r u s t e r  ( 2  7 )  . 
i s  vaporized and f lows through a hollow cathode.  The s u r f a c e s  
of t h e  hollow cathode a r e  very h o t  t o  i n s u r e  copious thermionic  
emission of  electrons,  and t h i s  emission i s  f u r t h e r  enhanced 
i f  t h e  p r o p e l l a n t  i s  an a l k a l i  m e t a l ,  which lowers t h e  work 
func t ion  of t h e  cathode s u r f a c e .  E l e c t r o n s  a r e  a t t r a c t e d  t o  
t h e  anode which i s  a t  a p o t e n t i a l  a t  about  1 0  v o l t s  above t h e  
cathode. Nearly complete i o n i z a t i o n  of t h e  p r o p e l l a n t  occurs  
i n  t h e  cathode and nozz le  reg ion;  t h i s  i o n i z a t i o n  i s  accomplished 
wi th  a smal l  amount of power because of t h e  high d e n s i t y  of 
t h e  p r o p e l l a n t  vapor i n  t h e  hollow cathode. ( I n  c o n t r a s t ,  
i o n i z a t i o n  i n  t h e  Kaufman electron-bombardment t h r u s t e r  occurs  
a t  a much lower d e n s i t y ) .  The n e a r l y  f u l l y  ion ized  plasma 
formed i n  t h e  hollow cathode expands r a p i d l y  though t h e  
nozzle  and t h e  expansion reg ion;  t h i s  expansion occurs  qu ick ly  
so t h e r e  i s  n e g l i g i b l e  recombinat ion.  The p o r t i o n  of t h e  t o t a l  
i on  flow reaching  t h e  s e p a r a t o r  e l e c t r o d e  i s  e x t r a c t e d  from 
t h e  plasma and a c c e l e r a t e d  e l e c t r o s t a t i c a l l y  t o  t h e  desired 
exhaus t  v e l o c i t y .  The p e r i p h e r a l  flow of  i o n s  i s  condensed 
on t h e  cone and r e tu rned  t o  t h e  feed system f o r  ano the r  pass 
through t h e  hollow cathode. By v i r t u e  of s p e c i a l  des ign  and 
ope ra t ing  cond i t ions  of t h e  a c c e l e r a t o r  e l e c t r o d e s ,  a l l  of t h e  
ions  approaching t h e  s e p a r a t o r  e l e c t r o d e  a r e  e x t r a c t e d  and 
a c c e l e r a t e d  i n t o  t h e  exhaust  beam. 

source have been e s t a b l i s h e d  w i t h  ex tens ive  experimental  
measurements(27) I The e lectr ic  power consumption of t h e  
hollow-cathode plasma source  i s  about  one-tenth of t h e  e lec t r ic  

I n  t h e  plasma-separaor m i c r o t h r u s t e r  concept ,  p r o p e l l a n t  

Performance c h a r a c t e r i s t i c s  of t h e  hollow-cathode plasma 
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power consumption i n  t h e  Kaufnian electron-bombardment i o n i z a t i o n  
chamber. ( A s  r epor t ed  i n  another  paper (28)  a hollow cathode 
i s  being used i n  t h e  SERT-I1  t h r u s t e r  and has r e s u l t e d  i n  
cons ide rab le  improvement i n  performance) ,  The to ta l - throughput  
i on  o p t i c s  of t h e  a c c e l e r a t o r  system has rece ived  s u f f i c i e n t  
exper imenta l  i n v e s t i g a t i o n  t o  v e r i f y  t h e  concept ,  O n  t h e  
b a s i s  of  t h e s e  f a c t s  it i s  concluded h e r e  t h a t  t h e  plasma- 
s e p a r a t o r  concept  i s  a v a l i d  and rea l i s t ic  t h r u s t e r  design.  

d i r e c t l y  from t h e  ou tpu t  of t h e  s o l a r - c e l l  a r r a y s  i s  being 
i n v e s t i g a t e d  ( 2 9 )  . The s t anda rd  ou tpu t  v o l t a g e  from s o l a r - c e l l  
arrays i s  28 v o l t s  d .c .  When mercury o r  cesium a r e  a c c e l e r a t e d  
through a p o t e n t i a l  drop of 28 v o l t s ,  t h e i r  f i n a l  v e l o c i t i e s  
are very low, which r e s u l t s  i n  very low s p e c i f i c  impulses.  
The a l k a l i  meta ls  potassium, sodium, and l i t h i u m  are much 
l i g h t e r  than  cesium and would produce s a t i s f a c t o r i l y  high 
s p e c i f i c  impulse i n  a 28-vol t  a c c e l e r a t o r .  Since p r o p e l l a n t s  
such a s  t h e s e  would also l o w e r  t h e  work func t ion  of t h e  hollow 
cathode s u r f a c e ,  it i s  reasonable  t o  expec t  t h a t  t h e  high 
performance of t h e  hollow-cathode plasma source  would be 
preserved.  

With a low a c c e l e r a t o r  v o l t a g e ,  t h e  t h r u s t  d e n s i t y  w i l l  
be small  un le s s  t h e  a c c e l  l e n g t h  can be made very s m a l l .  For 
a c c e l e r a t i o n  of l i t h i u m ,  sodium, and potassium through 28  v o l t s ,  
t h e  t h r u s t  d e n s i t y  i s  reasonably high i f  t h e  accel l eng th  is  
about  0 . 0 1 0  inch .  A c c e l  l e n g t h s  of less than  0 .040  inch  w e r e  
cons idered  t o  be i m p r a c t i c a l  u n t i l  some e x c e l l e n t  work i n  W e s t  
Germany on a c c e l e r a t o r  s t r u c t u r e s  was r epor t ed (30)  i n  e a r l y  
1 9 6 6 .  This  work showed t h a t  a s o l i d  d i e l e c t r i c  i n s u l a t o r  
could be sandwiched between t h e  s e p a r a t o r  e l e c t r o d e  and t h e  
a c c e l e r a t o r  e l e c t r o d e .  E lec t rode  systems such as t h i s  have 
been t e s t e d ( 3 1 )  on a mercury electron-bombardment t h r u s t e r  
and have been found t o  be s a t i s f a c t o r y .  These tests w e r e  of 
comparat ively s h o r t  d u r a t i o n ,  and it has n o t  been e s t a b l i s h e d  
whether adequate  d u r a b i l i t y  could be obta ined  using mercury 
p r o p e l l a n t  and s e v e r a l  hundred v o l t s  i n  t h e  a c c e l e r a t o r  ( i n  
o r d e r  t o  o b t a i n  a reasonable  va lue  of s p e c i f i c  impulse wi th  
mercury) .  

p r o p e l l a n t s  i n  t h e  plasma-separator  m i c r o t h r u s t e r ,  t h e  
a c c e l e r a t o r  vo l t age  can be much less than  f o r  mercury p r o p e l l a n t ,  
perhaps as low a s  28 volts d.c .  The th re sho ld  f o r  s p u t t e r i n g  
i n  m o s t  i on / t a rge t -me ta l  combinations i s  about  20 e . v . ;  and 
s i n c e  most of  t h e  charge-exchange ions  w i l l  have e n e r g i e s  
cons iderably  less than t h e  t o t a l  vo l t age  i n  t h e  a c c e l e r a t o r ,  
then it may be concluded t h a t  a 28-vol t  a c c e l e r a t o r  system 
w i l l  have e s s e n t i a l l y  no s p u t t e r i n g  problem. With t h e  problem 
of s p u t t e r i n g  being e l imina ted  by low-voltage operation,. t h e r e  
should be no problem wi th  a c c e l e r a t o r  e l e c t r o d e  d u r a b i l i t y .  

E s t i m a t e s  have been made of t h e  p o t e n t i a l  performance 
of t h e  plasma-separator  m i c r o t h r u s t e r  concept:  t h e s e  e s t i m a t e s ( 2 9 )  

The p o s s i b i l i t y  of ope ra t ing  t h e  plasma s e p a r a t o r  t h r u s t e r  

Since t h e  l i g h t e r  a l k a l i  m e t a l s  a r e  being considered f o r  
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are based on t h e  exper imenta l  performance of t h e  hollow-cathode 
plasma source ,  Experimental  d a t a  f o r  t h e  hollow-cathode plasma 
source  have a l l  been ob ta ined  wi th  cesium p r o p e l l a n t ,  I t  i s  
assumed i n  t h e  e s t ima ted  performance c a l c u l a t i o n s  t h a t  t h e  
power consumption i n  t h e  hollow-cathode plasma source  i s  
p r o p o r t i o n a l  t o  t h e  f i rs t  i o n i z a t i o n  p o t e n t i a l  of t h e  p r o p e l l a n t ,  
so  t h a t  t h e  plasma source  performance i s  l o w e r  f o r  t h e  o t h e r  
a l k a l i  m e t a l s  t han  it i s  f o r  cesium. I t  i s  also assumed i n  t h e  
estimate t h a t  o n l y  60% of t h e  plasma i s s u i n g  from t h e  hollow 
cathode arrives a t  t h e  s e p a r a t o r  electrode, whi le  t h e  o t h e r  
4 0 %  must be r e c i r c u l a t e d .  With t h e s e  c o n s e r v a t i v e  assumptions,  
t h e  e s t ima ted  performance of  t h i s  m i c r o t h r u s t e r  system i s  
shown i n  F igu res  13 and 1 4 .  

F igu res  1 3  and 1 4  i s  f o r  an accelerator voltage of  on ly  28 v o l t s  
d,c.  I f  1 0 0  v o l t s  d .c .  w e r e  a v a i l a b l e  from t h e  solar-cell 
a r r a y ,  t hen  t h e  s p e c i f i c  impulse wi th  each o f  t h e  p r o p e l l a n t s  
shown i n  t h e  f i g u r e s  would be doubled, t he reby  reducing  t h e  
p r o p e l l a n t  requirements  by 50%.  I n  a d d i t i o n  t h e  power 
requirements  would be reduced a t  each  t h r u s t  l e v e l ,  t he reby  
reducing t h e  weight  o f  t h e  solar-cell  a r r a y .  Est imated t o t a l  
system weights  w i t h  100-vol t  solar-cel l  a r r a y s  i s  shown i n  
F igure  15.  

Even w i t h  only  2 8  v o l t s  d .c .  a c c e l e r a t i n g  v o l t a g e ,  t h e  
h y p o t h e t i c a l  plasma-separator  m i c r o t h r u s t e r  system appears  
t o  have promise o f  much b e t t e r  performance than  t h e  f l i g h t -  
p ro to type  i o n  m i c r o t h r u s t e r  systems. I f  t h e  o u t p u t  v o l t a g e  
of t h e  solar-cell  a r r a y s  can be r a i s e d  t o  1 0 0  v o l t s ,  t hen  t h e  
h y p o t h e t i c a l  p lasma-separa tor  t h r u s t e r  has  promise of much 
s u p e r i o r  performance. I t  should be po in ted  o u t  aga in  t h a t  
o p e r a t i o n  o f  m i c r o t h r u s t e r s  d i r e c t l y  from t h e  solar-cel l  a r r a y  
o u t p u t  would e l i m i n a t e  t h e  need f o r  t h e  very  complex power 
cond i t ion ing  w i t h  i t s  m o r e  t han  1 0 0 0  c r i t i c a l  components. 
The p o t e n t i a l  advantages of  t h i s  m i c r o t h r u s t e r  concept  should 
be j u s t  cause  f o r  f u r t h e r  development work. 

CONCLUDING REMARKS 

I t  i s  impor tan t  t o  n o t e  t h a t  t h e  e s t ima ted  performance i n  

E lec t r ic  p ropu l s ion  i s  ready t o  t a k e  a u s e f u l  p a r t  i n  
a number of  space miss ions .  With s o l a r - c e l l  powerplants ,  
e lectr ic  t h r u s t e r s  o f  s e v e r a l  t y p e s  o f f e r  s i g n i f i c a n t  
advantages over  a l l  o t h e r  forms of  p ropu l s ion  f o r  s a t e l l i t e  
s t a t ion -keep ing  and a t t i t u d e  c o n t r o l .  There are a number of 
exper imenta l  t h r u s t e r s  and advanced concepts  t h a t  have promise 
of  even bet ter  performance, so it may be expected t h a t  e lec t r ic  
p ropu l s ion  w i l l  become even m o r e  u s e f u l  i n  t h e  f u t u r e .  P r e s e n t  
f l i g h t - p r o t o t y p e  e lec t r ic  p ropu l s ion  systems a r e  r a t h e r  complex, 
being composed of thousands of  c r i t i c a l  components i n  t h e  
power cond i t ion ing  subsystem. S i m p l i c i t y  usual-ly i s  synonymous 
wi th  r e l i a b i l i t y ,  and t h i s  imp l i e s  t h a t  t h e  advanced concepts  
t h a t  can be d i r e c t l y  coupled t o  t h e  powerplant are of  t h e  m o s t  
i n t e r e s t  f o r  cont inued  r e s e a r c h  and development. With a f i r m  
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f l i g h t - r e a d y  s t a t u s ,  and w i t h  d e f i n i t e  po ten t i a l  f o r  g rea t  
improvement,  the f u t u r e  of a u x i l i a r y  e lec t r ic  propuls ion 
sys t ems  i s  s u r e  t o  grow i n  importance and scope. 

N o t  so  long ago e l ec t r i c  propuls ion s u f f e r e d  outrageous 
jibes about long ex tens ion  cords. T o d a y  e lectr ic  propuls ion 
s t a n d s  ready t o  perform tasks  i n  s a t e l l i t e  miss ions  t h a t  
cannot be done by less soph i s t i ca t ed  propuls ion  sys tems.  
T h e  n o t  too d i s t a n t  f u t u r e  may see t h e  "heavens f i l l  w i t h  
c o m m e r c e " ( 3 2 )  carried on w i t h  e lec t r ic -propuls ion  sa te l l i t es .  
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Table I. - Performance characteristics of AVCO 
flight-prototype resistojet microthrust propulsion system 

thrust , micro-pounds 
propellant 
tankage 
specific impulse, sec 

power watts 

propulsion time, hrs. 
thruster sys tem, lb . 
controls, lb. 
propellant I lb. 
solar-cell array, lb. 

TOTAL SYSTEM WEIGHT, lb. 

1,000 

4.8 

* 5  

10.6 

1.1 
17.0 

500 
ammon i a 

25% 

175 
7 

10,000 

28.6 

.5 

1 0 6 .  

1.1 

136 .2  
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Table 11. - Performance data  f o r  t h e  SPET 
exper imenta l  mic ro th rus t  p ropu l s ion  system. 

number of  p u l s e s  i n  d u r a t i o n  t es t  
equ iva len t  ope ra t ion  t i m e  a t  1 pu l se / sec  
t o t a l  impulse p e r  p u l s e  
equ iva len t  s p e c i f i c  impulse 
e f f i c i e n c y  

t o t a l  impulse p e r  y e a r  a t  1 pu l se / sec  
e q u i v a l e n t  t h r u s t  l e v e l  
power i n p u t  t o  t h r u s t e r  

6 3.65 x 10 
0.1 yea r  

1.4 micro-pound-sec 
3300  sec 

1 0 %  

Table 111. - Power requi rements  f o r  
contac t - ion  mic ro th rus t e r s .  

44 lb -sec /yr  
1.4 micro-pound 

1 w a t t  

t h r u s t e r  type  
t h r u s t ,  micro-pounds 
i o n  beam, w a t t s  
e l e c t r o d e  d r a i n ,  w a t t s  
vapor i ze r ,  w a t t s  
n e u t r a l i z e r ,  w a t t s  

sub t o t a l  
i o n i z e r  h e a t e r ,  w a t t s  

t o t a l  power t o  t h r u s t e r  

EOS 

1 4  
1 .48  

.08  
2.0 
1.1 

4.66 
7.66 

12 .3  

Hughes 
300 

29.8 
.2 

3 
6 

39 
30 
69 
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